We study the long-range interaction of a single ion with a highly excited ultracold Rydberg atom and report on the direct observation of ion-induced Rydberg excitation blockade mediated over tens of micrometer distances. Our hybrid ion-atom system is directly produced from an ultracold atomic ensemble via near-threshold photo-ionization of a single Rydberg excitation, employing a two-photon scheme which is specifically suited for generating a very low-energy ion. The ion's motion is precisely controlled by small electric fields, which allows us to analyze the blockade mechanism for a range of principal quantum numbers. Finally, we explore the capability of the ion as a high-sensitivity single-atom-based electric field sensor. The observed ion -Rydberg-atom interaction is of current interest for entanglement generation or studies of ultracold chemistry in hybrid ion-atom systems.
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Ultracold Rydberg atoms have recently been shown to provide a highly flexible platform for quantum simulation of long-range interacting many-body systems [1] [2] [3] , generation of nonclassical photonic states [4, 5] , or quantum information processing applications [6] [7] [8] . A central aspect in this context is the Rydberg blockade phenomenon, which inhibits the simultaneous excitation of two closeby atoms into Rydberg states as a consequence of strong Rydberg-Rydberg interaction [9] . A similar concept applies to hybrid systems of Rydberg atoms and ions, for which strong mutual interaction may lead to single chargeinduced blockade phenomena mediated over macroscopic distances [10] . Collisions of highly excited atoms with ions have been studied early on with atom-beam experiments [11] . More recently, their interaction affects quantum optics applications based on room temperature vapors [12] .
In the context of trapped ions and ultracold atoms [13] [14] [15] [16] , where motional degrees of freedom are exquisitely controlled at the single particle level, strong coupling of ions to Rydberg atoms has been proposed for generating ion-atom entanglement [10] and for controlling cold collisions, chemistry, or charge mobilities in ion-atom mixtures [17, 18] . However, the observation of an ion-induced Rydberg blockade so far remained elusive. The major obstacle to probe ion -Rydberg-atom interaction in traditional hybrid settings, based on radio-frequency ion traps and Rydberg states excited from trapped neutral ensembles, are trap-induced lineshifts on the Rydberg state, which are challenging to distinguish from interaction effects. Moreover, systems of trapped Rydberg ions are essentially unamenable to ion -Rydberg-atom interaction due to the cancellation of Coulomb and trapping fields at the ions' equilibrium positions [19, 20] .
In this Letter, we demonstrate excitation blockade of a single Rydberg atom by a single low-energy ion. The ion is produced from a single Rydberg excitation in an ultracold sample via a novel optical two-photon ionization scheme.
Our approach provides precise spatial and motional control of the initially ultracold free ion, which constitutes the key ingredient to probe the blockade mechanism. Finally, we exploit the blockade to use the ion as a precise quantum probe for small electric stray fields.
Consider a pair of a highly excited Rydberg atom and an ion in its electronic ground-state separated by a distance R. We focus on nS 1/2 Rydberg states of 87 Rb with principal quantum number 50 n 100. At sufficiently large internuclear distance, where the Coulomb field of the ion has dropped well below the Inglis-Teller limit, the pair interaction is described by the long-range and isotropic polarization potential [10, 21] 
The strength of interaction is determined by the Rydberg atom's polarizability α nS = (4π 0 /e) 2 C 4 . The exaggerated polarizability of high-n Rydberg states causes sizeable interaction energies of several MHz over tens of µm distances as depicted in Fig. 1(a) at the example of two different principal quantum numbers. Consequently, the closeby ion may affect the attempt to laser excite the atom from its ground state to the Rydberg state. More specifically, excitation blockade is expected to occur at internuclear distances for which the interaction shift exceeds the excitation bandwidth Γ. In close analogy to the pair interaction of two Rydberg atoms, this defines a blockade sphere surrounding the ion with a radius given by
In our experiment, we probe this blockade sphere starting from an ultracold ensemble of typically 1.2 × 10 5 87 Rb atoms prepared in the |5S 1/2 , F = 2, m F = 2 hyperfine state and held in a crossed-beam optical dipole trap at a temperature of about 1 µK. The trap frequencies are (ω x , ω y , ω z ) = 2π × (160, 110, 710) Hz. From the trapped sample, a single atom is excited to the |nS 1/2 Rydberg level via a 500 ns long two-photon excitation pulse incorporating the intermediate 6P 3/2 level at a detuning of +160 MHz. The laser beams for Rydberg excitation (420 and 1015 nm wavelength) counter-propagate along the vertical z-direction and are circularly polarized to address the m J = +1/2 Zeeman substate. The 1015 nm laser is focused into the sample through a high-NA aspheric lens to a beam waist of about 1.8 µm, providing spatial control over the position of the created Rydberg atom. Note that for the high-lying Rydberg states investigated in this work, Rydberg-Rydberg blockade allows us to suppress multiple excitations in the sample.
The Rydberg atom is then photo-ionized within 200 ns to produce a single low-energy ion. For this, we apply a two-photon V-type ionization scheme employing a first laser tuned in resonance with the 6P 3/2 level and a second laser at about 1010.2 nm wavelength, which provides just enough energy to reach the ionization continuum ( Fig. 1(b) ) [22, 24] . The calculated excess kinetic energy of the ion is below k B × 10 µK or 0.86 neV. Consequently, the ion trajectory after production is entirely governed by residual electric stray fields, which in the course of the experiment are compensated to a level of ∼ 1.5 mV/cm via Stark spectroscopy at n = 133 [25] . The slow motion of the single ion in the electric field allows for a first probe of the ion-induced Rydberg blockade. Specifically, we let the ion propagate for a variable time-of-flight t tof , during which it increases its distance from the initial excitation region (depicted laser focus in Fig. 1(a) ). Subsequently, a second Rydberg excitation pulse with the same pulse parameters as above is applied to probe the success of Rydberg atom creation in the presence of the nearby ion.
The ion and the Rydberg atom stemming from the second excitation pulse are detected individually on a microchannel plate detector (MCP). They are distinguished by their flight time to the MCP using a two-step extraction electric field pulse. A first field step of 1.5 V/cm applied for 5 µs only accelerates the ion towards the detector. In a second step the field is set to 115 V/cm for 15 µs to field-ionize and subsequently detect the Rydberg atom. The described pulse sequence, summarized in Fig. 1(d) , is repeated 500 times in the same ensemble of atoms to gain statistics. The individual detection of the ion and Rydberg atom allows us to post-select events for which ion creation and detection was successful [22] . Fig. 1(c) shows the mean number of detected Rydberg atoms N R for these events as a function of t tof recorded for principal quantum number n = 90. For short times t tof 15 µs, we observe an almost total suppression of excited Rydberg atoms. Only for longer time-of-flight, when the ion is far enough from the Rydberg excitation region, N R reaches the value measured in the absence of the ion.
The observed suppression is attributed to the excitation blockade induced by the single ion. Indeed, the value of t tof for which N R rapidly increases is understood also quantitatively. For this, consider the theoretical value of the blockade radius R b = 23.1 µm for n = 90 and Γ = 1.09(1) MHz. Note that in all our experiments, the excitation bandwidth Γ is determined from the independently measured spectral width, and is Fourier-limited by the finite duration of the Rydberg excitation pulse [22] . Assuming a plain accelerated motion of the ion in a constant electric field E stray , the time-of-flight at which N R increases suggests E stray ∼ 1.7 mV/cm, which is compatible with the level of stray field compensation discussed above.
Next, we provide a rigorous experimental determination of the blockade radius for a range of principal quantum numbers. Evidently, the motion of the ion in the small yet unknown stray electric field impedes a direct measurement of R b . Therefore, we slightly adapt the aforementioned experimental procedure and now apply a variable electric field E x along the x-direction throughout the entire sequence to control the ion trajectory during t tof . Here, the ion's time-of-flight is kept at a fixed value t tof = 7 µs. As before, we investigate the post-selected Rydberg signal N R measured in the presence of a detected ion. The ob- tained results as a function of E x are shown in Fig. 2 for four values of n. For sufficiently large E x , we find that N R settles to the value obtained in the absence of the ion. This indicates that the distance R between the ion and the Rydberg excitation region has increased beyond R b during t tof due to the applied electric field. For small values of E x , strong Rydberg excitation blockade is observed as R is still well below R b after t tof . The reduced contrast for the data set at n = 51 is most likely due to the finite Rydberg excitation and photo-ionization volume determined by the size of the focused laser beams. The transition between the blockaded and the non-blockaded situation is marked by a pronounced and comparatively sharp n-dependent edge in the signal, which allows us to extract R b from the data.
In order to determine R b , we fit each data set with an error function of the form ∝ erf((E x − E )/w), symmetrized to evaluate the experimental signal at positive and negative field values. The fitting procedure delivers the center position of the observed edge E for each value of n. Given the accelerated motion of the ion in the applied field, the blockade radius is directly associated with E via R b = eE t 2 tof /(2m), where m denotes the mass of the 87 Rb atom. Note that we have tested this simple relation against numerical simulations of the single Rydberg atom excitation dynamics in the presence of the moving ion and found excellent agreement [22] . The experimentally obtained values for the blockade radius as a function of n are depicted in Fig. 3 . Error bars account for two dominant sources of experimental uncertainty. For low principal quantum numbers (specifically for n = 51), the compara- tively small value of E starts to compete with the residual stray fields. This effect quickly diminishes with increasing n. The error is then dominated by the finite pulse length for photo-ionization and Rydberg excitation, thereby causing a statistical uncertainty on t tof .
The obtained data for R b are compared to the prediction of Eq. 2 (solid line in Fig. 3 ). While the expected increase of the blockade radius with the principal quantum number is clearly observed, a systematic shift to smaller values of R b is identified with increasing n. The deviation is attributed to the presence of the electric field E x that controls the motion of the ion. The maximum values for E x have been carefully chosen to ensure a negligible Stark shift on the Rydberg line compared to our excitation bandwidth Γ in the field-free case when no ion is present. However, the situation changes in the presence of the ion. In that case, E x has a significant effect on the blockade radius, which is most pronounced for large values of n.
To quantify this point, let us recall the origin of the pairinteraction V (R), i.e. the energy shift of the Rydberg state in the Coulomb field of the ion. The field of the ion at R b for n = 100 is about 18 mV/cm and thus on the order of E x . Furthermore, the two field vectors always point in opposite direction at the position of the excited Rydberg atom, independent of the sign of E x . Consequently, the applied external field significantly reduces the total field strength acting on the Rydberg state and thus leads to a systematic shift of R b to smaller values (see inset to Fig. 3) . The effect can be easily accounted for in a self-consistent way, which provides the corrected value of R b and the corresponding E after a few iterations [22] . The obtained result is compared to the data in Fig. 3 (dash-dotted line) and agrees very well within the experimental error bars.
Finally, we explore the potential of the ion-induced Rydberg blockade measurement as a sensitive tool for probing small electric fields. When increasing t tof in the above measurement sequence, smaller field strengths are required to drag the ion out of the blockade volume. Consequently, a higher sensitivity to small electric fields can be achieved as evident in Fig. 4 (top row) , where we apply our protocol as before but now with t tof = 34 µs. The Rydberg signal N R as a function of the applied field E i in all three spatial directions i = {x, y, z} reveals the blockade feature around zero field strength with a strongly reduced width well below 2 mV/cm. The difference in the widths observed in the three directions is attributed to residual field gradients on the order of 1 mV/cm across 10 µm, which start to affect the ion's trajectory for the very small homogeneous field components probed in this measurement. Extracting the center positions of the blockade dip allows for precise monitoring and compensation of temporal stray electric field changes at the level of 100 µV/cm. We have measured such field drifts over the course of several hours and show the results in Fig. 4 (bottom row) . Note that for the achieved level of control, we expect that even the detection of the ion's tiny excess energy from the photoionization process should be within reach when field gradients are carefully compensated.
Our measurements manifest that the produced ion can serve as a precise single-atom electric field sensor, which provides significant improvement for stray field compensation in our apparatus as compared to Rydberg Stark spectroscopy (cf. the level of stray field compensation given above for n = 133). The method should yield even higher sensitivity when further increasing t tof . In our experiment, however, we are currently limited by slow field drifts during data acquisition, which for a single data set in the top row of Fig. 4 takes about 20 minutes.
In conclusion, we have studied a so far unexplored type of strong and long-range interaction in the realm of ultracold gases between an ion and a highly excited Rydberg atom. We have observed and quantified efficient excitation blockade for the Rydberg atom in the presence of the ion on the single-particle level by exploiting a novel photoionization scheme, suited for the production of extremely low-energy ions. The reported techniques may be readily applied in a dense gas or even a Bose-Einstein condensate for investigating and controlling ion-atom collisions and chemistry without the need of an ion trap. Combining the observed blockade with Rydberg-EIT might even allow for in-situ imaging of the ion kinetics [26, 27] . Selective photo-association of an ultralong-range Rydberg molecule [28, 29] prior to the photo-ionization pulse could provide ideal initial conditions for collision studies, with promis- ing prospects for reaching the ion-atom quantum scattering regime [24] . Moreover, using the ion as a precise field sensor sets the stage for optical trapping of the single ion [30, 31] , here starting from an ultracold Rydberg excitation.
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Ion and Rydberg atom detection
As described in the main article, a two-step electric field pulse is applied in the experiment for individual detection of the produced ion and the Rydberg atom on the MCP. Here, we provide details on our method to extract the postselected Rydberg signal N R for which ion creation and detection was successful. Fig. 6(a) shows the arrival time distribution of detected counts on the MCP at the example of the data set shown in Fig. 1(c) of the main article. For the chosen parameters of the two-step electric field pulse, i.e. step size and step duration, the field-ionized Rydberg atoms arrive after 9.8 µs Fig. 1(c) of the main article, taking into account realizations with t tof ≤ 10µs. The field-ionized Rydberg atoms arrive at 9.8 µs, whereas the ions arrive at 10.1 µs. (b) Comparison of the post-selected Rydberg signal N R (diamonds), shown in Fig. 1(c) of the main article, with the total Rydberg signal (squares), which also includes events where no ion was created or detected.
at the MCP, while the arrival time of the ions is around 10.1 µs. The fact that the field-ionized Rydberg atoms pass the ions on their way to the detector and eventually arrive first is a consequence of our electrode geometry in combination with the field pulse sequence. Also note that the first peak includes the signal stemming from both Rydberg excitation pulses, i.e. the first pulse prior to ion creation and the second pulse for probing the blockade. The clear temporal separation of the ion and Rydberg atom signal allows for post-selecting events for which the ion was successfully created and detected to evaluate N R .
The implication of extracting the conditional Rydberg signal N R is illustrated in Fig. 6(b) . Here, the data set for N R as a function of t tof shown in Fig. 1(c) of the main article is compared to the non-conditional Rydberg signal, i.e. the total Rydberg signal obtained without applying the post-selection procedure. Clearly, the contrast for the latter is significantly reduced, which can be understood from the combined effects of finite photo-ionization and MCP detection efficiency.
Numerical calculations of the Rydberg excitation dynamics and definition of the excitation bandwidth
In the main article, we extract R b from E obtained from the error-function fits to the data in Fig. 2 using simple kinetics for the accelerated motion of the ion,
Here, we verify this approach by numerical calculations of the Rydberg excitation dynamics in the presence of the ion. Specifically, these calculations quantify that the extracted center position of the error-function E and the blockade radius R b are indeed connected via Eq. 3. In order to show this, we numerically solve the time evolution for a single two-level-atom with a time-dependent energy shift of the excited state V (R) according to the accelerated motion of the ion in an electric field E. In the simulation, the Rydberg excitation pulse length is set to reflect the experimentally measured Fourier-limited bandwidth Γ, which denotes the half width at half maximum of the Rydberg excitation spectrum in the absence of the ion. An exemplary result of the simulated population in the excited state at the end of the Rydberg excitation pulse is shown in Fig. 7 as a function of E for the case of n = 90. The numerical simulation well resembles the shape of the observed experimental signal in Fig. 2 . As in the experiment, we fit the numerical data with an error-function to extract E . We find that R b obtained from the fit result for E using Eq. 3 agrees very well with the theoretical prediction given by Eq. 2 in the main article. We have checked that this holds for the entire range of principal quantum numbers investigated in this work.
